This study is to investigate different types of biomass products' injection into the blast furnace (BF) to replace pulverized coal injection (PCI). The biomass products covered in the study are charcoal, torrefied material and wood pellets on the basis of Swedish forests. The modelling work has been performed in a specialized BF model. The modelling results show that charcoal has the significant effects on the BF operation. PCI can be replaced fully by charcoal, and only limited amount of torrefied material and wood pellets can be injected into BF. For the studied BF, the annual CO2 emission reduction potential from the replaced amount of PCI when injecting charcoal, torrefied material and wood pellets are about 1140 kton, 260 kton and 230 kton, respectively. In addition, a possible energy saving can be achieved for charcoal injection. A slightly higher P content in the hot metal may occur when injecting torrefied material.
Introduction
The blast furnace (BF) is the most energy intensive step in integrated steelmaking and is primarily based on highly CO2 intensive coal. EU has set 20-20-20 targets in order to cut 20% in CO2 emissions, to have 20% improvement in energy efficiency and to increase 20% in renewable energy by 2020.
Utilization of biomass products in BF can replace parts of coal, and hereby achieve a reduction of CO2 emission.
Most commonly reported biomass utilization in the blast furnace is in the form of charcoal via tuyeres to replace PCI. Presently the injection of charcoal fines is used in small charcoal BFs in Brazil, the injection rates makes up 100 to 190 kg/thm [1] [2] . According to Nogami et al [3] , the charcoal injection rates could reach to 200-225 kg/thm. Udea and Ariyama concluded that the combustibility of charcoal in the raceway is similar to that of pulverized coal [4] . In this study, solid biomass products which are produced on the basis of the Swedish forests are investigated, they are charcoal, torrefied material and wood pellets.
Blast furnace modelling on solid biomass injection

Solid biomass products
The solid biomass products covered in the study are shown in Table 1 . Compared to PCI, biomass products have lower ash content and S content. However, the carbon content is lower, meanwhile the moisture content is higher especially for torrefied material and wood pellets. It has to be pointed that the biomass products listed in the table are not on the basis of the same raw biomass material. Notes: *, PCI data is 2008 year's data from SSAB EMEA Luleå; 2) **, biomass products (charcoal, torrefied material, wood pellets) data are from [5] Blast furnace model and modelling principle The theoretical calculation is made by a static heat and mass balance model [6] . The model is a static 1-dimensional heat and mass balance including three sub-models, i.e. the blast furnace, hot stove and burden calculation. The three sub-models are connected and balanced via iterative calculations. BF model is linked to hot stoves model through the hot blast produced, thus, changes in hot blast (e.g temperature, O2 and moisture content, pressure, etc.) will have influence on raceway conditions in BF. Consequently, BF operating parameters, for example, fuel rate, top gas temperature and composition will change.
The modelling work has been done for the blast furnace at SSAB EMEA Luleå. The blast furnace is operated on the basis of iron ore pellets with high quality. The reference period was April 28 -June 4, 2008 with a high production rate of 275.7 ton hot metal per hour (thm/hour). For the reference period, PCI was injected into BF through tuyeres. Table 2 lists other key operating parameters of BF. For biomass products' injection into the blast furnace, in the modelling work the coke rate to BF is kept the same as the reference in order to have a stable operation. O2 in the blast is varying to maintain RAFT in the raceway the same level as the reference. For the case of BF at Luleå site, the maximum O2 level in the blast which has been tested and operated so far is 25.4% without notifying any process disturbance, and it is set as a process constraint in the model. The minimum allowed top gas temperature is set to 100 ºC to ensure that there is no water condensation problem at the top. Heat loss (GJ/hour) of the blast furnace is kept the same as the reference. In addition, blast furnace slag basicity is kept the same as the reference case as well by adjusting the amount of limestone to BF.
Modelling Results and Discussions
The correlation between different type of biomass product to top gas temperature, O2 content in the blast and PCI rate is shown in Figure 1 a) . As it can be seen, charcoal has a high PCI replacement potential. When all PCI is replaced by charcoal, the top gas temperature can be almost kept the constant, while the O2 content in the blast will increase to 24.7%. For the cases of torrefied material and wood pellets, the biomass injection rate is limited. Figure 1 b) shows that the maximum injection rate of torrefied material and wood pellets are 134.2 kg/thm and 98.9 kg/thm, respectively with the minimum allowed top gas temperature of 100 ºC. However, if the O2 content is limited to 25.4%, the maximum amount of torrefied material and wood pellets are only 60.7 kg/thm and 59.1 kg/thm, respectively. Figure  1 indicates that wood pellets is more sensitive to O2 content and top gas temperature compared to charcoal and torrefied material. Meanwhile, charcoal's properties are similar to PCI, hence, larger amounts of PCI can be replaced. Figure 2(a) shows PCI and biomass injection amount for the reference case (i.e. PCI injection only), and cases of injection of charcoal, torrefied material and wood pellets. For a fair comparison, the oxygen content in the blast for the biomass injection cases is limited to 25.4%. For the case of charcoal injection, the required amount of charcoal is 166.7 kg/thm, and PCI can be replaced. When injecting torrefied material and wood pellets, the required PCI amount are 120.1 kg/thm and 124.5 kg/thm, repectively. At the same time, the torrefied material and wood pellets are limited to 60.7 kg/thm and 59.1 kg/thm, respectively. From the energy utilization point of view, the use of biomass products to replace PCI will have influences on slag generation amount, limestone amount and blast furnace gas (BFG) generated amount due to the properties' difference between PCI and biomass products. Compared to PCI, less slag will be generated and less limestone is required for biomass products, see Figure 2 (b). In addition, more BFG will be generated when injecting biomass products due to the high volatile content, which will lead to a potential energy saving as well. However, more biomass products are expected to be consumed to achieve the same effect of PCI due to the lower heating value and higher oxygen content in the biomass products, especially for the cases of torrefied material and wood pellets. By taking into account these factors, a possible energy saving is estimated up to 77.2 GWh per year for the charcoal injection. There is no energy saving potential when injecting torrefied material and wood pellets. Based on PCI amounts replaced by different types of biomass products in BF, the benefits of CO2 emission reductions for charcoal, torrefied material and wood pellets are about 1140 kton, 260 kton and 230 kton per year, respectively.
Concluding remarks
Simulation of the potential effects to BF when injecting biomass products has been done for the Swedish condition. The modelling results indicate no alkali problem for biomass injection. S and P content in the hot metal has a decreasing tendency for most cases, except for injecting torrefied material in which P content in the hot metal has a slightly increase. However, experimental tests are required to further examine the practical BF operation.
Comparing three types of biomass products, charcoal is the best due to its characterization and properties closer to PCI. Theoretically, PCI can be fully replaced by charcoal. From a conservative point of view, for the studied BF, the maximum injection amount of charcoal is 166.7 kg/thm, which can lead to about 1.1 million ton CO2 emission reduction. The injection amount of torrefied material and wood pellets are limited to about 60 kg/thm.
Due to the nature of biomass products, i.e. low S content, low gangue and high volatile content, possible energy saving is noticed to charcoal. For a high hot metal production rate, the estimated energy saving can be up to 77 GWh per year.
